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2.). 2y KARMEN, no oscillation signal

i LSND experiment observes excesses of events
for both the?s =% and v - Y oscillation.

5(J:)=[n(E,)o(E, J,)dE,

"lable 1

Calculated and experimental flux-averaged exclusive c};’fﬁ’, and inclusive c}gflc cross-section for the 12C(v8, e_)IZN DAR reaction (in units of 10~42 cmz) and for
the 12C (v, ) >N DIF reaction (in units of 10740 ¢m?). The CRPA calculations [15] were used in the first LSND analysis on the 19931995 data sample [2],
and the SM calculations from Ref. [16] in the second LSND oscillation search [3]. The listed PQRPA results correspond to the calculations performed with the

relativistic corrections included [17]. One alternative SM result as well as the RPA and QRPA results from Ref. [19] are also shown

C}gxc (};nc C}ZXC 5Ec
Theory
CRPA [15] 36.0, 384 42.3,44.3 248, 3.11 21.1,22.8
SM [16] 79 12.0 0.56 13.8
PQRPA [17] 8.1 18.6 0.59 13.0
SM [19] 84 16.4 0.70 211
RPA [19] 495 55.1 2.09 19.2
QRPA [19] 42.9 52.0 1.97 203
Experiment
Ref. [20] 01+04+09 1480714
Ref. [21] 0.66+0.1+£0.1 124£03+18
Ref. [22] 89+03+09 13210406
Ref. [23] 0.56 £0.08 +0.10 10,6 £03+£18

A. Samana, F. Krmpotic , A. Mariano,R. Zukanovich Funchal/ Phys. Lett B642(2006)100



Motivation
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v-nucleus cross section are important to

constrain parameters in neutrino
oscillations.
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* Increase probability oscillations.

* Confidence level region is diminished
by difference in o, between

PQRPA and CRPA, PLB (2005) 100



Supernovae Neutrinos — Signal Detection

Neutrino flux
Number of target nuclei Efficiency O'( E )
Interaction cross section v

N [F(E,)-o(E,)-+(E,)dE, !

F(E,)

SNO B )
v.,+d > p+p+e Vet p—>N+¢€
== LVD

C - J’
_Py e *(p) _
Creuter an U'\‘\' ! Ve +12C %lZN + e

Super-K £ V, +“Co"B+e?

56 56 —
¢ v.+Fe—>>"Co+e
v, +°0—-"F +e €

— 56 56 + A VN R —




Weak—nuclear interaction

Neutrino capture

Antineutrino capture

Lepton capture

a3 P~ P P e
: = - ' TN T
Y ; k3 e
P Na P a P Sp
k=p—q k=q—p
- Beta Decay
P p/
k=p+qg
v+ AZ,N)= A (Z+LN 1) +e"
7+ AZ,N)= A (Z-LN +1) +e*

(i)O’Connell, Donelly & Walecka, PR6,719 (1972)
(i) Kuramoto etal. NPA 512, 711 (1990)

(ii) Luyten etal. NP41,236 (1963)

(iv) Krmpotic etal. PRC71, 044319(2005).

—

Charged Current

(V) ==

Neutral Current

V)=

ALL ARE EQUIVALENTS.



Weak—nuclear interaction

Reaction: Weak hamiltonian:

Vi +(Z,A) > (Z+1 A)+1° HW(F)=£JaIae‘"Z'F

J2

']Ot — l)/4 |:8V)/o( — i_MgaBkﬂ + 8AVaYs5 + lg—ka)/s] la — _iﬁsg(pa Eﬂ)yoc(l + )/S)M.sl,(qa Ev)

Neutrino-nucleus cross section (Fermi’s Golden Rule):

O'(E,,Jf):pz'—E'F(Z +1,E,) [d(cosO)T, (K1, J,)
p, :Lepton momentum, E,.Lepton (—:-7rzl-ergy, -1

Transition amplitude

F(Z+1,E): Fermi function

2 G?
T(|k|J)——ZZ|<J M [Hy [ M) = 0,0;L,,
15 vm 2Ji +1lym
O, = <Jf | Jae‘”z'F || Ji>, Nuclear Matrix Element,  Lepton traces L,
k = (_K, Kg), o =x.r = K |.r Transfer momentum, with k= [k| z.
Jo = gv+ (@, +G.,)0 k+ig,M 1o .V, Hadronic current (non-relativistic)

J = —guo— g0 X k — Evf{ +gp, (0 1::)12 — g, M1V,



Weak—nuclear interaction

Non-relativistic approximation of hadronic current

J@ — Gv i (EA +§p1)ﬂ- A k_|_ igAM_IJ : V?

J = —g.0c—ig,oxk —EVE+§P2(J 1:{)12

Nuclear coupling constant

gy =1, gx=1.26,

2Mm,
k2 4 m2

T

EM = Kp — Ky :370~ gp = 8A

Transfer momentum, with k= |K]| Z.

e T =) iTH/Ar QL+ D jkr)Y (),

L
Elementary Operators :  pq¥ — 4,(p)Y)(1),

—ig, M1V,
A2
FNS effect: g > g(m
A=850 MeV

M3 = & Hi(pYiE) (o V),
o= > 7 Fuuile) M@E) @ o),
L

Miy = &1 ) 2T Fauil (oM @) @ V),
L

i



Weak—nuclear interaction

A G?
15(s,Jy) = > IOl NP Lo + > K JT¢l|Omy||Ja)* Lm
J

2J; +1 M=0,41
— 2R(|{J¢||Ogy|[J:){J#]|Ooul [ i} ) Lpo] - L. Ly Lo Lepton Traces
© For natural parity states with n=(-) ,i.e., 0*, 1-, 2*, 3-....
O@J = QVMT

Ouy = 2g, Mg, — g MJ
Omxos = (Mgs — Gy, ) M3y + 25, M7,
© For unnatural parity states with t=(-)’*! ,i.e., 0-, 1*,2-, 3*....
—i0p) = 26, M7} + (Ga + T )ME,
—i00) = (gp, — 94) MG,
~iOmz0y = (—gu + MGy) M3y + 2Mg, MJ)

(i) deForest Jr.& Walecka, Adv.Phys15, 1(1966) N
(i) Kuramoto etal. NPA 512, 711 (1990) O@J = M,,
(i) Luyten etal. NP41,236 (1963)(u-capture) EJ for M =0
(iv) Krmpotic etal. PRC71, 044319(2005). Omy = ) : MA’G A pr
~ all are equivalents. ~% [MTJ +4#5, for M =41



Nuclear Structure Models

(i) Models  with  microscopical (ii) Models describing overall nucler

formalism with detailed nuclear properties statistically where the
structure, solves the microscopic parameters are adjusted to exp.
guantum-mechanical Schrodinger or data, no nuclear wave funct,,
Dirac equation, provides nuclear polynomial or algebraic express.

wave functions and (g.s.-shape Esp /
™, log (ft), 11/ ...)

Examples: Examples:

Shell Model (Martinez et al. PRL83, 4502(1999)) Fermi Gas Model,

RPA models Gross Theory of 3-decay (GTBD)
Self-Consistent Skyrme-HFB+QRPA Takahashi etal. PTP41,1470 (1969)

(Engel etal. PRC60, 014302(1999)) New exponential law for 3*.....
QRPA, Projected QRPA (zhang etal. PRC73,014304(2006))

(Krmpotic etal. PLB319(1993)393.)

Relativistic QRPA
(N. Paar et al., Phys. Rev. C 69, 054303 (2004))

Density Functional+Finite Fermi Syst.

T1/o (Kar etal., astro-ph/06034517(2006))

(Borzov etal. PRC62, 035501 (2000))



Nuclear Structure Models

SHELL MODEL — accurate in description of the ground state wave
functions, description of high-lying states necessitates a large model
space which is problematic to treat numerically

Different interactions in various mass regions employed, only lower mass
nuclei can be studied

The interacting shell model is the method of choice for weak interactions

(B-decay, v-capture, e-capture) Why? o i blocking/ unblocking

example: ... _ _
e} these orbits NOW consider neutrino and
$ 089, oretied anti-neutrino capture
® 00 0"
O .... 0. 0060
S —— XIS Aty —5Bae il
e 7~ =% |} .————‘———4—( )———.————.———.——
. T Q- o000
“Hartree-Fock configuration” OKIl




Nuclear Structure Models

/e
= + 0000 / eeee.
A+v, >C+e /
® 00 O 7 00 @
,,,,,,,,,,,,,,,,, @) PP
NO! oo X:::: NQO! requires too oo ::::
T | AN I A
Pauli blocked! much energy!
e 00 @ .
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘AT .
But. if \P: fffffffffffffffffffffffffffffffffffffff eooo- + o000 +...
o eeeoeeo| |- e oo
@@ oe0e@® | | Q- 00 0
Some weak processes (usually p— n ) blocked
e because neutron orbits already occupied. But
¢ 00 0 configuration mixing, even a little, can unblock by
LA LS & creating holes for the new neutron to go into.
fffffff O—— 0o 0@ thus: Weak processes sensitive to
ffffff o0 000 O configuration mixing

For example: "... the total GT strength for 56Fe in the
complete pf shell involving 7 413 488 J=0+ configurations

(this corresponds to an m-scheme dimension of 501
million).

E. Kolbe et al., PHYSICAL REVIEW C, VOLUME 60, 052801
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Nuclear Structure Models
QRPA: Quasiparticle Random Phase Approximation

pairin g corre lations ground state corre lations

( ﬂt)(u V )—|—UVA _O N - o - in proton-neutron GRPA
u2 v2 %
sa)lv) ) B2 == /1|
7777 B 7
p n p n 1] n p n

(Bcs|N|Bcs) = Y (24, + 1)v2 = N(Z),

PQRPA: Projected QRPA

Particle number is

conserved exactly .
Krmpotic etal. PLB319(1993)393.

A, B V(X (X )
(_BT _Aiu)(yu)_ﬂﬂ(yu)’ V__4H(USPS+UIPI)5(F)5

26,0 — Ap(uf7 — vf,) = 0,



Nuclear Structure Models
RQRPA: Relativistic Quasiparticle Random Phase *

paiting correlations ground state correlations

(et . 21 )(utz . Vt2) 4 utVtAt — O’ in proton-neutron QRPA

without correlations with correlations

Z 4
Vs

W =
N
<
|
&
Lo
5 ¢

e RQRPA where both the mean field and the residual interaction are derived from the same
effective Lagrangian density [9]. The ground state is calculated in the Relativistic Hartree-
Bogoliubov (RHB) model using effective Lagrangians with density dependent meson-nucleon
couplings and DD-ME2 parameterization, and pairing correlations are described by the finite
range Gogny force. The HO basis with N = 20 or N = 30 1s used only in the RHB calcula-
tion in order to determine the ground state and the single-particle spectra. The wave functions
employed in RPA equations are obtained by converting the original basis to the coordinate
representation, and the size of the RQRPA configuration space is limited by 2gp energy
cut-offs £y ).

* N. Paar et al., Phys. Rev. C 69, 054303 (2004)

+= +...



QRPA/PQRPA in 12C

12N
120 1733 1%, 1
12B 15.11
15 |- e
13.3¢ 1% 1 7
=
C 10 |
=
=
5 L
O L
12C ’
(Jss Z + s N — pl|Y7[10T)
A, (pnl) i
= X, (pndy)
(IZN)L/2 Z |:(IZ—1+,LL(p)IN—1+pL(n))1;’2 i f Au(pnd) = —
_M(pnf)
P I )} Y

e Neutrino Scattering (NS)
vi+(Z,A) > (Z+1LA)+I1"

e Anti - neutrino Scattering (AS)
vi+(Z,A) = (Z-1,A)+I*

e Muon Capture (MC) rate

u +(Z,A)—>(Z-LA)+v,

e Betadecay

(Z+1L,A) > (Z,A) +e* +v (v,)

{(pIYln) {upvn, for u = +1,

Uy, forp =—1,

24+ 1

15



QRPA/PQRPA in 12C

-—- (172, 3/2)
— (3/2,1/2)
—-— (1/2,1/2)

0.5 -
l - (3/2,3/2)

e
[P}
= 0
=) ]
y A !
e 1
1p - 1h;
0.5 -
O T ' L s N L
12 14 16 18 20 22 24

Volpe etal , PRC 62 (2000)
“difficulties in choosing the
g.s. of 12N because the
lowest state is not the most
collective one”

— 4 (v, P, + v, P)dr),

ph-channel parameters from
systematic study GT
resonances, F.K.&S.S.
NPA 572, 329(1994)

P(I): vPh=yPair, ypPh=yPh/0.6
P(ll): vph=27, v, =64

(iF = ot™ and oF 2ouh)

PP
2v;

(p)+ 8" ()

palr

16



ORPA/PQRPA in

E(MeV)

B(GT)

12C

\ | \
25 | LR QRPA o e S m
20 = Y e i T -
15 - - L. dEpslv.adl \

11

13 - — | \
10 - ig vy Bk PQRPA 7

1y - 27 64 —— | | 8

S | | | [ | | | il

\ | \ | | | \
1.0 - -+ —
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t

Projection Procedure is Important!

Krmpotic etal. PRC71, 044319(2005).

G (E)

G (E,) (1042cm?)

R_1+
J'=1"gs
- PQRPA -
: ® Exp. el
P ¢~
— ”
="
B -
-IIJ_IJ.J-I—I'F'_I-'I--I—I‘-lTII\‘Ill\lll\Ill\\lll\lllllll
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o
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_ /i
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CRPA, Kolbe etal., PRC71, 044319(2005).
EPT, Mintz, PRC25,1671(1982).

PQRPA, Krmpotic etal., PRC71, 044319
(2005).

Exp, LSND coll., PRC55, 2078(1997).



ORPA/PQRPA in 12C

NEUTRINO-NUCLEUS REACTIONS AND MUON CAPTURE . .. PHYSICAL REVIEW C 71, 044319 (2005)

TABLE V. Experimental and calculated muon-capture rate in units of 10° s~'. The full PQRPA calculations, which include the relativistic
corrections, are listed for all three parametrizations. Theoretical results that involve only the velocity-independent matrix elements are displayed
in parentheses in the third column for the case PII. The rates are grouped by their degrees of forbiddeness. We show (i) the exclusive rates
A(J™), for J’}‘ = IT, 1, 2]_. ZT, (ii) the multipole decomposition of the rates Zj. A{Jf’-’} for each final state with spin and parity J'j-’. and (iii)
the inclusive decay rate A™ = EJ} A{J}’). In the fourth column are listed the results of recent SM calculations, which are explained in the

text. The measured capture rates are given in the last column.

Muon-capture PQRPA Shell model Experiment
rate
(I) (1) (111) SM1 [16] SM2[16] SM3[17]
Allowed 49.3% 39.3%
A1) 7.52 6.27(6.50) 6.27 11.56 6.3 6.0 6.2 + 0.3 [33]
o A(Oj:) 3.68 2.86(3.15) 3.77 0.21
E_,- A(l}f} 20.28 18.14(18.63) 18.22 15.43
First forbidden 46.6% 55.7%
A(L)) 1.06 0.49(0.51) 0.98 1.86 0.62 4+ 0.20 [34,35]
A(2)) 0.31 0.18(0.18) 0.16 0.22 0.18 £ 0.10 [34,35]
> A0y) 2.62 2.35(0.72) 2.35 2,12
Z',. A(ly) 11.84 10.37(9.51) 11.37 12.25
E'f. A2)) 7.78 7.12(6.90) 7.15 7.79
Second forbidden 3.9% 4.6%
A27) 0.19 0.14(0.16) 0.15 0.25 0.21 +0.10 [34,35]
Z;- A(Zj:.} 1.26 1.09(0.89) 1.17 1.36
Z;‘ A(3j;} 0.63 0.57(0.57) 0.58 0.46
Alne 48.16 42.56(40.7) 44.67 39.82 41.9 33.5 38 + 1 [36]

18



ORPA/PQRPA in 12C

SAMANA, KRMPOTIC, PAAR, AND BERTULANI
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FIG. 3. (Color online) Same as Fig. 2. but here t = 0 for S, and
81, t = 0.2 for Sy, and t = 0.3 for S;. SM and EPT calculations are,
respectively, from Refs. [98] and [16]. Experimental data in the DAR
region are from Ref. [25].

PHYSICAL REVIEW C 83, 024303 (2011)
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FIG. 4. (Color online) Calculated '2C(i, ¢")'?B cross section
o+ (E;, 17) (in units of 107 em?), plotted as a function of the
incident antineutrino energy E;. As in Fig. 3. the value of ¢ is O for
s.p. spaces Sz, and S3, 0.2 for Sy, and 0.3 for Ss. The EPT calculation

from Ref. [16] is also shown.
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QRPA/PQRPA/RQRPA in 12C

NEUTRINO AND ANTINEUTRINO CHARGE-EXCHANGE ...
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FIG. 5. (Color online) Muon-capture transition rate to the B
ground state (in units of 10 s=!, and electron and muon folded
ECSs to the '*N ground state in units of 10~* ¢cm? and 10~*' ¢cm?,
respectively. Experimental values, in these units, are A('’B) = 6.2 +
0.3[45],7.(*N)=9.1+04+09[25],and7.(">°N) =89+ 0.3 +
0.9 [26] and cr_u(”N) =6.6+1.0+1.0][28], and EH('EN) =56+
0.8 4+1.0[29], re@ect'gely.

Z z

T

PHYSICAL REVIEW C 83, 024303 (2011)
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FIG. 6. (Color online) Inclusive *C(v,e )N cross section
o. (E,) (in units of 10=* ¢m?) plotted as a function of the incident
neutrino energy E,. PQRPA results within s.p. spaces S,, S5, and
S¢. and with the same values of s = ¢ as in Fig. 3, are compared
with two sum-rule limits (as explained in the text), SRgt and SRy,
obtained with an average excitation energy wyz of 17.34 and 42 MeV,
respectively. Several previous RPA-like calculations, namely, the RPA
[43], CRPA [102], and RQRPA within Sy for E;,, = 100 MeV [51],
as well as the SM [43] and the TDA [34], are also shown.
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CRPA/PQRPA in t2C
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v-nucleus cross section are important to
constrain parameters in neutrino
oscillations.
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* Increase probability oscillations.
* Confidence level region is diminished
by difference in o, between

PQRPA and CRPA,
A.Samana,F. Krmpotic,A. Marianoc,R. Zukanovich
Funchal PLB (2005) 100



QRPA/PQRPA/RQRPA in 12C

SAMANA, KRMPOTIC, PAAR, AND BERTULANI

TABLE L. Fraction (in %) of flux-averaged cross sections o+ for
2C(9, e*)"?B for allowed (A), first forbidden (1F), second forbidden
(2F), and third forbidden (3F) processes. Antineutrino fluxes n+(E;)
are the same as in Ref. [108], that is, the DAR flux, and those produced
by boosted °He ions with different values of y = 1/,/1 — v2/c2.
Results of two calculations are presented: (i) PQRPA within S5 and

(ii) RQRPA within N = 30, with a cutoff E;,, = 300 MeV.

DAR y
6 10 14
A
PQRPA 79.43 92.09 77.00 63.01
RQRPA 84.40 94.88 82.25 67.15
IF
PQRPA 20.03 7.83 22.16 33.76
RQRPA 15.10 4.13 16.86 29.61
oF
PQRPA 0.51 0.07 0.78 2.89
RQRPA 0.55 0.08 0.81 2.91
3F
PQRPA 0.018 0.002 0.04 0.33
RQRPA 0.025 0.011 0.05 0.33

PHYSICAL REVIEW C 83, 024303 (2011)
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FIG. 13. (Color online) Flux-averaged neutrino and antineutrino

cross sections 7.+ in '>C with typical supernova fluxes.



ROQRPA in 12C

NEUTRINO AND ANTINEUTRINO CHARGE-EXCHANGE . .. PHYSICAL REVIEW C 83, 024303 (2011)
35 35
30— S20 S30 o

— - " — e |
B / 7 |
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- / / ]
. / _ / . |
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FIG. 8. (Color online) Inclusive '*C(v, e~)'2N cross-section o, (E, )(in units of 10~ ¢cm?) plotted as a function of the incident neutrino
energy E,, evaluated in RQRPA with different configuration spaces. These cross sections are plotted as functions of the incident neutrino
energy with different cut-off of the E»,, quasiparticle energy as it is explained in the text. The left and right panels show the cross section
evaluated with Sy, and S5, s.p. spaces. The last cross section shows that the convergence of the calculation is achieved up to 600 MeV of
incident neutrino energy.
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ROQRPA in 12C

(jg

35
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------ Ezqp=200 MeV
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Left and right panels show, respectively, the
cross sections o._(Ev ), and g, (E"v) (in units
of 10-3° cm?) evaluated in RQRPA for S20, and
S30 s.p. spaces with the cutoff E,,, = 500
MeV, and different maximal values of J+, with J
going from 1 up to 14 for neutrinos, and from
1 up to 11 for antineutrinos.

NEUTRINO AND ANTINEUTRINO CHARGE-EXCHANGE ...

3

3

2!

1

1

5

0

Inclusive 12C(v, e-)12N cross-section g,_ (Ev )(in units
of 10-39 cm2) plotted as a function of the incident
neutrino energy Ev , evaluated in RQRPA with
different configuration spaces. These cross sections
are plotted as functions of the incident neutrino
energy with different cut-off of the E,,, quasiparticle
energy as it is explained in the text. The left and right
panels show the cross section evaluated with S20,
and S30 s.p. spaces. The last cross section shows
that the convergence of the calculation is achieved up
to 600 MeV of incident neutrino energy.
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ROQRPA in 12C

L ee—— QORPA —

10 = seenssstcecens RQRPA*15 T 4
The calculated RQRPA (within S30 and E2qgp = 500 - eemme=- RFGM De
MeV) quasielastic (ve,12C) cross section per neutron | === = = = RFGM4npnh e
(solid line) is compared with that for the (vu,12C) I ®  ViniBooNE o L
scattering data measured at MiniBooNE [13]; the 8~ o ./
dotted line shows the same calculation but I 1
renormalized by a factor of 1.5. Also displayed are L '
the calculations done by Martini et al. [73,103] within 3 |

the RFGM for pure (1p-1h) excitations (dashed line)
and with the inclusion of the np-nh channels (dot-
dashed line).

G6 [10*%em?

[13] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration), L
Nucl. Instrum. Methods A 599, 28 (2009). r
[73] M. Martini, M. Ericson, G. Chanfray, and J. Marteau,
Phys. Rev. C 80, 065501 (2009). ol
[103] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, F
Phys. Rev. C 81, 045502 (2010).

OI|| "‘?II|I|III|I|II|I||
100 200 300 400 500 600

E,(MeV)

NEUTRINO AND ANTINEUTRINO CHARGE-EXCHANGE . .. PHYSICAL REVIEW C 83, 024303 (2011)
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QRPA/PQRPA/RQRPA in 56Fe
% 12 s.p. levels: 2, 3 and 4 hw, (ge) = /dEIJJ(EV)n(EV)a "

& 3hw, s.p.e of >°Ni, 2&4 s.p.e. H.O. , s |

& VP (p,n) to A(p,n) experimental. () = % (M,.— 2F,), s

& VvPho =24 vPho =64,(MeV.fmd) G. # oor

resonance in 48Ca [NPA572,329(1994)]. f

%t =2 VP (VPR (p)+ VPaT_ (n))=0,

B(GT-) =17.7 ~ B(GT-)=18.68 Skyrme

[NPA716,230(2003)] overestimates exp. Model A
9.%02.4 [NEA41|0,371(1953|3)]- B QRPA 264.6
. area i PQRPA 197.3
1600 Hybrid® [14 228.9
£ Hybrid® (14 238.1
g T™ [26] 214
= ! RPA [27] T
© QRPAs [15 352
s00|- RQRPA [16] 140

i Expl)| KARMEN 256 + 108 + 43

0 20 40 60 A.Samana & C.Bertulani, PRC78, 024312 (2008)
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QRPA/PQRPA/RQRPA in ~°Fe

Supernovae Neutrinos — To estimate events in supernova detectors.

e

N, =N,(T,)=N,| F’(E,.T,)o(E,)e(E,)dE,.

Ne=Ne(T, ) = N, [“F(E, T, )o(E, )e(E, )E, .

Effective temperature

Neutring energy
/ Time-integrated energy O\

L =
FO(E,T..n. =0,L_, D)= « |
« (BT, =01, D) 47zD/2T;F3(o£’Ta 1

Distance to supernova

2000 ——————————

1600 —

o(E,) (10cm?)

1200 —
800

400 -

E(MeV)

Norm.factor Pinching

D~ 10 kpc, parameter
L.=E,. 1/6,

E,=3x10%3 erg,

OL:Voc:{veﬂ V},L ’Vr}
T(v)IT(ve)=1.5,
T(v)/T(v,)=0.8,

T(v,)=5 MeV

Time—integrated flux (em® erg)™

-
a
~

1400

1200

1000
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[22]
Q
(=]
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200 H

Supernova Neutrino Fluxes

v, (T=4 MeV)

---------- 7, (T=5 MeV)

wep, (T=7.5 MeV)

N
i ..,
id ] gaaa | veiin [ §q PR PP ok bk L)

N L300t I
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Neutrino energy (MeV)

Fig. 1. Neutrino energy spectra at the neutrino-sphere.
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QRPA/PQRPA/RQRPA in ~°Fe

2000
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S(E,) (10*2cm?)
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v+ Fe—>Co +e"
A.S.& C.B., PRC 78, 024312 (2008)
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QRPA/PQRPA/RQRPA in ~°Fe

2000

1600

(]
(e ]
o

G(E,) (1072 cm?)
[oe]
S

400

----- Allowed QRPA
Allowed PQRPA
— — — Forbidden QRPA
Forbidden PQRPA

— =—QRPA

i 1

PQRPA & QRPA, PRC 78, 024312 (2008)

RQRPA DD-ME2 , PRC 77,024608 (2008)

Allowed PQRPA

1200 —— - - - Allowed RQRPA

Forbidden PQRPA
— = = Forbidden RQRPA
PQRPA

em o == RQRPA
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QRPA/PQRPA/RQRPA in ~°Fe

J Hybrid(a) Hybrid(b) QRPA PQRPA RQPRA RQRPA (N. Paar, private comunication)
0t 45.7 52T A9 50.6
1+ 112.9 112.1 172.7  108.1

allowed 158.6 164.8  213.8 1647 ~ 783

2t 4.0 4.1 2.9 1.8
3 4.4 4.2 2.5 1.4
0~ 0.4 0.4 1.1 0.7
1~ 29.3 29.4 20.7  14.0
2 32.0 35.0 224 13.9
3 0.2 0.2 1.2 0.8

Forbidden 70.3 73.3 50.8 326 ~06l4

Total 228.9 238.1 2646 197.3 1400 360 257

256+ 116 g, ~ 0.93 0,=1.0 ga~ 0.9 0,=1.262 0,=1.0
KARMEN 30




PORPA/RQRPA in 56Fe

G, [100 cm?]

PQRPA (5-force) and RQRPA (DD-ME?2)

PQRPA [PRC78, 024312(2008) ]
RQRPA (N. Paar, private com. 05-29-09)

10

—— —— RQRPA (DD-ME2) )
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Sl S 4
1 ﬂiﬂ (ISR | ] ] 1 1 1 1 0

30Fe(v,.e7)*°Co 10}

E, =40 MeV

e 8

......... QRPA(SIII)

OFe(v,,e7)°Co

EVe:6O MeV
......... QRPA(SII)
oa— —— —— RQRPA(DD-ME2)
- PQRPA
----- ) sctaicia —
| | I i 1 1 _l | I | | | 1
ot 1T 1t 2 2t 3 3t 4 4 5 5
JT[
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QRPA/RQRPA in 56Fe

MODELING NUCLEAR WEAK-INTERACTION PROCESSES WITH RELATIVISTIC ENERGY DENSITY FUNCTIONALS

N. PAAR, T. MARKETIN, D. VALE, D. VRETENAR, http://arxiv.org/abs/1505.07486v1

10

Exp.
RNEDF (DD-ME2)
== Shell model (GXPF1J)

— 1F
||_ B
S
m
01F
001 | |h\ n. ‘I‘h
0 30 40

Gamow-Teller (GT-) strength
distributions for 18:20.22Q calculated with
the RHB+RQRPA model (DD-ME2
functional and Gogny pairing inthe T =
1 channel). The strength of the T=0
particle-particle interaction Eq. (1)
varies from V, = 0 to V, = 300 MeV.

S(GT)[MeV™]

The Gamow-Teller (GT-) transition strength
distribution for °6Fe, shown as a function of
excitation energy in the final nucleus. The
RQRPA results based on the RNEDF DD-
MEZ2 are compared to the shell model
calculations (GXPF1J),?® and available data
from (p, n) reactions.3°

0

2

0

n

——- V=100 MeV
—r V=200 MeV
.= V =300 MeV
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QRPA & ROQRPA systematlc calculatlons

Muon capture rates within the projected QRPA

Danilo Sande Santos, Arturo R. Samana, Francisco Krmpotic,
Alejandro J. Dimarco
http://pos.sissa.it/archive/conferences/142/120/XXXIV%20B
WNP_120.pdf

Ratios of theoretical to experimental inclusive muon capture
rates for different nuclear models, as function of the mass
number A. The present QRPA and PQRPA results, as well as
the RQRPA calculation [13] were done with gA = 1.135, while
in the RPA+BCS model [11] was used the unquenched value
gA = 1.26 for all multipole operators, except for the GT ones
where it was reduced to gA ~ 1.

(1’_?,(?_. ZQNE‘, 24h"1g, EBSi, 401,_'&1._. 52(*1._. 54(*1._. 55FE)

T ‘ T ‘
]
14 —
i (X o®
L ® ° L J
L) ® [ ) o
° ®e [ e OO
L ® L ] * |
1.2
. * o® oo ..‘ @
85 L .‘ ° ..t ’0 . L a4 . .
~y . ** * . o0
=l 1-—.————’—’—‘- ———————————————————————————————
n ¢ ¢ |
.
0.8 i
® ® g, 1262
| e o 1135 |
oel | . ! | . !
0 20 40 60 80

100

Alh/Aexp

] QRPA
& PQRPA
L - ¢ RPA+BCS
™ + RQRPA
+ - ____. EXP M
L f)
4 |
¢ - ++
+
e = %% _
* +
- »
<& - -
s I
L)
+
075 L | | | | | \ | | | |
10 20 30 40 50 60
A

Relativistic quasiparticle random-phase
approximation calculation of total muon capture
rates, T. Marketin, N. Paar, T. Nik’si’c, and D.
Vretenar, PHYSICAL REVIEW C 79, 054323 (2009)

Ratio of the calculated and experimental total
muon capture rates, as function of the proton
number Z. Circles correspond to rates
calculated with the free-nucleon weak form
factors Egs. (10)—(13) [21], and diamonds
denote values obtained by quenching the free
nucleon axial-vector coupling constant gA
=1.262 to gA = 1.135 for all operators, i.e., in
all multipole channels.
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QRPA & RQRPA systematic calculations

MODELING NUCLEAR WEAK-INTERACTION PROCESSES WITH RELATIVISTIC ENERGY DENSITY FUNCTIONAS
N. PAAR, T. MARKETIN, D. VALE, D. VRETENAR, http://arxiv.ora/abs/1505.07486v1

RHB+RQRPA (DD-MEZ2) inclusive neutrino-nucleus 1000 F
cross sections averaged over the Fermi-Dirac B
distribution for T =4 MeV, _ =0, as a function of the 100F o e s
H 1 — - . EEE‘E DDDlJJiJ El‘]DDDDDD%DDDD
mass number of target nuclei. The cross sections for T [ el ™ e umuunumunumnuu;;;u%igunnuuu% i
particular groups of target nuclei are further marked 2 g S
with filled (red) circles for stable nuclei, crosses for = 1
nuclei with N/Z < 1, and filled (blue) squares for - T=4 MeV
. . - -
nuclei with N/Z > 1.5. g 01E °  allnuclel
- + N/Z <1
i . N/Z>15
0.01 B stable nuclei
8 )01 7. . T T 1 M T
o all nuclei 50 100 150 200 250
+  N/Z<1 T=4 MeV A
- N/Z>1.5 po
. stable nuclei o

(o)}
T
o
a

The ratio of the RHB+RQRPA cross
sections shown in Fig. 8 and the cross
sections calculated using the
ETFSI+CQRPA framework.

[~
I~

2

ETFSI+CQRPA : N. Borzov and S. Goriely,
Phys. Rev. C 62 (2000) 035501

<o,, Z(RNEDF)/ <o,, %(ETFSI+CQRPA)
C
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v-40 Ar Cross section
LArTPC - Liquid Argon Time Projection Chambers

~ 102 3
o™~ F
=
)
Q 101 E 3
s : GT+IAS i
100k S
© : SDPF-VMU-LS 1
10-1 -| 1 11 | | I | 1 | | N | | | I I |
0 10 20 30 40

10*
10
NE 102 _
http://www-lartpc.fnal.gov/ AL R (P e
. © 10° 3 _i’ """ RPA (except for 0,19
SM - T. Suzuki & M. Honma, Lo Pl T I
arXiv:1211.4078v1 [ﬂUCl-th] 17 Nov 2012 0 20 40 60 80 100

E, (MeV)
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v-160 Cross section

in work

(S. Santana & A. Samana)

1637_ LI S B S N S R N DL 1(53;';: LA A D N e el Y B B Bt Allowed 0+ 1+
C (a) ¥-induced reactions E (b) ¥-induced reactions 3 B—8— Primeira proibida 0-,1-,2-
i S B ] B—8—¥ segunda proibida 2+,3+
L ] 6 0—9—o Total
L 2 Valor Experimental
; TF—77_77_77&7_77_77
ﬁ 12 — \o
| g g _M—————— e . =
/ 1 8
&
f.: ' 4 —
3 — RFG
g — NRFG 3 ,
| ---- BF -
i ! —=BL* 7 n 8 i = o
L i ¢ N \ 1
1 0 0.2 0.4 0.6 0.8 1
f! TS T I T t
100 200 300
Ey (MeV) Ey (MeV)
QRPA-based muon capture inclusive
Neutrino/antineutrinno electronic and muonic 160 rates as function of particle-particle
cross section as function of neutrino/ antineutrino chanel in 8-interaction.

energy.

T. KURAMOTO, M. FUKUGITA, Y. KOHYAMA and
K. KUBODERA, Nuclear Physics A512 (1990) 711
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v-160 Cross section

in work (S. Santana & A. Samana)
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neutrino /antineutrino energy.
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QRPA calculatlons for Double Beta Decay

&

(AZ) > (AZ+D)+e +v (AZ)>(AZ+D)+e +v=(AZ+1)+e +v
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33 -1 2
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Ge N
2¢ 1.122 MeV 2
2.041 MeV T2V GOV M Ov < >
2t 0.599 MeV

0+
76
345€ 38




QRPA calculations for Double Beta Decay

03 ~ ®Ge 1
6Ge 128Tg o~ . 2se
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NME and weak observables type Fermi | | "
as function of s parameter and type ° ! 2
Gamow Teller as function of t parameter.
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QRPA calculations for Double Beta Decay

QRPA NME (in MeV) as function of as
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S o7 (E) MeV)

DA calculations for Doub

e Beta Decay
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Four Quasiparticle Tamm-Damcoff Approximation (FQTDA)
L. de Oliveira; A.R. Samana, F. Krmpotic, A.E. Mariano, C.A. Barbero
Journal of Physics: Conference Series 630 (2015) 012048
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On neutrino-nucleon calculations
: CRISP ?

Neutrinos generating events for

Intranuclear cascade in CRISP
code MCEF

(D. Oliva in poster session) MCMC Monte Carlo Evaporation Fission
Multi - Colisional Monte Carlo

!

Intranuclear Cascate Nuclear evaporation/Fission
vup—pntp
0,7
: Ref [3] Ref]7] Ref[9]
0.6 a, -092462 267268 105155 [3] C. Barbero et. al., Phys.
: Lett. B664 (2008) 70
05 a  5.04353 -19.06087 -8.45383 [7] Tina J. Leitner, PhD
Eoal a, -1159230 5124583 2533257  Thesis, September 2005,
3 g 1570827 B TN R Institut fur Theoretische
13', 0,3 |- % ' o - Physik Justus-Liebig-Universit
- a, -11.57894 4722928 30.65338 t GieRen
02 F .
: a. 434306  -1744865 -13.54899 9] G.P. Zeller (Fermilab)
01 F ; ,Phys. Rev. D86, 010001
- ) 'a6 -0.65715 2.64360 2.46629 (2012) 436-438.
1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 1 1 1
00,4 0,6 0,8 1 1.2 1,49

E, (GeV)
Total cross sections of the v p—u 7*p scattering processes from Ref. [3,7,9] adjusted
o o (E,)=X)a,E)



Numerical tool: Quasiparticle Random Approximation

Single particle QRAP * code (open source)

States,.
1to 6 hw H.O.

QRPA

(e, —A)uZ —v))+uVv,A, =0,
(BCSIN|BCS)= Y (2j,+Dv =N(Z)

t=n(p)

A, B
—Bt —A*,

A. R. Samana, F.Krmpotic, and C.A. Bertulani, Comput. i -
Phys. Commun. 181, 1123 (2010) k=p+q




| QRAP

Ovpp

Single particle “QRAP-2B v0.0” Code
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Global Models — Gross Theory of Beta Decay

¢ Nucleosynthesis of heavy elements in stellar reaction takes place in
regions far away of B-stability line, In these regions there exist very

few (or not) experimental data.

¢ Great number of nuclei involved in the reactions:
p-process ~ 2000 nuclei (y,n),(y,p),(y, a),n-,p-, u-cap, B+
s-process ~ 400 nuclei (n,y), B-, EC

o-process ~1000 nuclei n-,p-, v-capture, photodissociation
r-process ~ 4000 nuclei (n,y),(y,n), B-, Bdn, a.-decay,fission.

New lournal of Physms

j{gV|M (E)F +93 | M7 (E) P} (-E)dE
4,

The gross theory model for neutrino-nucleus
cross-section

AR Samana’?, C A Barbero®*#, B Duarte?,
A J Dimarco® and F Krmpoti¢*5’

IM,,(E)] _jD (E, )W (E, g)—dg

A. R. Samana et al, New Journal of Physics 10,033007 024312 (2008)



Global Models — Gross Theory of Beta Decay
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Global Models — Gross Theory of Beta Decay

Weak decay processes in pre-supernova core evolution within the Gross Theory

Agp(E,p,T,Y.) = P(0) [°, [Gr Dr(E) Aec(E,p,T,Ye) 0) [°F, [Gr Dr (E)
+3GarDer (E)] ‘|‘39CJTDG‘T(E)]
% 3
N {1 ~( Q;.E)‘} [(“E.p.T.Y.)dE.  *Z {1 - (1-2E)? }g(—&p:ﬂh)dﬂ
£ dy,  dYF¢ N dYp
- Auf. —
i —CT dt dt dt ’
[ \ Eg X,
1E-5 - : = Z ( )\EC + )\ﬁ)
. | /NN A
;1510: : The increment of this interval could have important
g i : | consequences over the core collapse, since it can to keep
2 - ; | - the equilibrium of the stellar nucleus for more time,
B 1E-15 | ! | BD retarding reduction of the degeneration pressure, and then
- ! | < consequently the collapse. Thus, a slow collapse could
. ! | reduce the velocity of density increase, and consequently
E20l | | could reduce the pressure, which is in opposition to the
- L N . initial core contraction.
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Summary: on weak-nuclear interaction

« All the formalism to describe weak-nuclear interaction present in the
literature are equivalents!

(i)O’Connell, Donelly & Walecka, PR6,719 (1972)

seven irreducible tensor operators (ITO) separated in longitudinal,
coulomb, transversal electric, transversal magnetic used in electro
Scattering ( T. deforest and J.D. Walecka, Adv. in Phys. 15 (1966) 1)

(i) Kuramoto etal. NPA 512, 711 (1990), up to (|k|/M)3 in the weak
hamiltonian.

(i) Luyten etal. NP41,236 (1963), developed to evaluate muon capture

(iv) Krmpotic etal. PRC71, 044319(2005), using a notation more familiar
to the beta decay working with allowed, 1F, 2F, etc transitions.



Summary: on nuclear models

QRPA-type Models

disadvantages:

Low energy neutrino regions up to 250 MeV,

Skyrme interaction not good enough to

make decisive improvement,

Gogny interaction to check Skyrme, spherical nuclei,
few QRPA model to non-spherical nuclei

advantages:

self-consistency, large space, excellent agreement
with exclusive reaction as well as SM, well description
inclusive reaction and it’s possible describe up to 600
MeV neutrino energy with RQRPA, good option for
astrophysical systematic calculations , main tool for 2
beta decay in the last 30 years
improvements:

through the Universal Nuclear
Functional —-UNEDF, non-spherical nuclei,

Density

Global Models(GTBD)

disadvantages:

not well description of ground state properties.
non-microscopic

advantages:

statistical, work easily with many nuclei
improvements:

use new one-particle strength functions.

Large Scale Shell Model
disadvantages:

only magic nuclei (N=50, 82, 126);

only GT-decay;

only spherical, great computational

task, some cut due to configurational space
could be dangerous

advantages:

several essential correlations included;
treatment of even-even and odd

isotopes.

improvements: Ab-initio shell model, new
advances in nuclei as 12C,160 and 48Ca

P. Moller
“...there is no “correct” model in nuclear
physics. Any modeling of nuclear-structure

properties involves approximations ... to obtain
a formulation that can be solved..., but that
‘retains the essential features” of the true
system.”




